Introduction
In recent years, there has been increased effort on the separation, quantification, and identification of all proteins in a cell or tissue. 1 The difficulty of analyzing the proteome is that many low-abundance proteins are not detected due to a predicted dynamic range of up to 5 orders of magnitude. 2 Therefore, the field of proteomics requires the development of effective fractionation and separation methods that offer high sensitivity, and wide dynamic range to detect more proteins in a cell or tissue. 3 The most widely used method to separate proteins from cell lysates is two-dimensional polyacrylamide gel electrophoresis (2-D PAGE). [4] [5] [6] [7] [8] In 2D-PAGE, proteins are separated in one dimension by isoelectric point (pI), and in the other by molecular weight (MW). This method is capable of resolving over 1000 proteins and providing a pattern of spots. The pattern of spots observed in the 2-D PAGE image is reproducible and is representative of the cell type being analyzed. 9-11 2-D technology has a number of limitations that can be particularly troublesome in expression proteomics applications. For example, detecting low-abundance proteins can be problematic; some proteins may be missed simply due to their low copy numbers and the limitations in the amount of sample that can be loaded onto gels. Comigration of proteins during separation can also mask the presence of low-abundance proteins. Highthroughput analysis of proteomes remains challenging because the individual extraction, digestion, and analysis of each spot from 2D-PAGE are tedious and time-consuming.
Shotgun proteomics refers to the direct analysis of complex protein mixtures to rapidly generate a global profile of the protein components within the mixture. The protein mixture is proteolytically digested and the resulting peptides are further analyzed by LC-MS/MS analysis. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] This approach has been facilitated by the use of multidimensional protein identification technology (MudPIT), which employs 2-D liquid chromatography, consisting of ion exchange and reversed phase columns, followed by tandem mass spectrometry. MudPIT has shown promising results in analyzing the yeast proteome. 22 However, using shotgun method for protein digests, more than thousands of peptides were separated by 2D-LC; peptides of highabundance proteins could be found in many steps of salt elution. The reason for this phenomenon may be because peptides from high abundance proteins share most of the digested peptide mixture. The high abundance peptides may distribute to different salt steps (known as overlapping). On the other hand, high abundance peptides may cover up the detection of the low abundance peptides. Therefore, the fractionation of digested peptides may not be enough to extract low-abundance peptides from high-abundance peptides. This indicates that it may be necessary for the extraction of lowabundance proteins from high-abundance proteins prior to peptide separation and identification.
Many groups have used various prefractionation methods for improved 1-D or 2-D gels, [23] [24] [25] [26] including liquid IEF. Of all electrophoretic methods, isoelectric focusing offers the highest resolution and is best suited for preparative applications. 27 Up to now, several commercial instruments for solution IEF have been developed, including the Rotofor, RF3 (Recycling Free Flow Focusing protein fractionator), the Isoprime, and the IsoelectrIQ2. 9, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] 42 In this work, we have developed a method to separate proteins prior to protein digestion and 2D-LC-MS/ MS identification according to their pI, using LIEF in the RF3. Protein pre-fractionation diluted the high abundance proteins by distributing different forms of high abundance proteins into several fractions; the concentration of low abundance proteins could also be increased in the fractionated area, allowing easier detection.
This report demonstrates that a large number of proteins, especially low-abundance proteins, can be separated using LIEF. A theoretical 2-D image of these proteins can be generated for the purpose of observing distinctive patterns. Automation and the speed of analysis are also greatly facilitated because the proteins remain in the liquid phase throughout the separation. LIEF-2D-LC-MS/MS is shown to be an alternative technique for large scale identification of proteomes as well as for the detection and enrichment of low-abundance proteins. Because the system is largely unbiased, proteins from all sub cellular portions of the cell with extremes in pI, MW, abundance, and hydrophobic characteristics were identified.
Experimental Section
Yeast Sample Preparation. The yeast strain used in this study is from the YPH499 family. Cells were grown in 1% yeast extract/2% peptone (YP) t 2% glucose (YPD) medium. YPD499 was grown to mid-log phase (OD 0.6) in YPD at 30°C and centrifuged to collect the pallets of the yeast cell. The pallets were washed using ddH2O and vortexed for 2 min to suspend the pallets, then centrifuged at 6000 rpm at 4°C for 5 min, then the supernatant was discarded. The yeast cell pellets were then suspended in 1% n-octyl R-Dgalactopyranoside (OG) (Sigma), 1% Biolyte ampholytes, pH 3.5-10 (Amersham Biosciences), 10% Glycerol (Amersham Biosciences), 7 M urea (Bio-Rad), 2 M thiourea (ICN), 1% NP-40 (USB), 1 Triton X-100 (USB), 10 mM DTT (Bio-Rad); and 1 mM PMSF, and vortexed for 2 min to effect cell disruption and protein solubilization. 9 The suspension solution was lysated using a high-pressure homogenizer (EmulsiFlex1-C5) to rupture the yeast cells. 43 The whole cell protein extract was then diluted to 105 mL with the LIEF buffer, and introduced into the RF3 separation chamber.
LIEF Separation. A preparative-scale RF3 (Rainin) was used during separation and fractionation. This device separated proteins in the liquid-phase according to their pI. A normal load is capable of at least 20 to 40 mg protein per run, and as much as 1 to 2 g of protein with a total buffer volume of 105 mL. Approximately 20 mg of protein from the whole cell lysate was diluted to a final volume of 105 mL; the separation buffer contained 1% ampholytes (pH 3.5-10, Amersham Biosciences), 10% Glycerol, 8 M urea, 1% NP-40, 1 Triton X-100, 1 OG, 10 mM DTT, and 1 mM PMSF. These proteins were separated by isoelectric focusing over a 12-h period at a separation temperature of 10°C. The procedure used for running the LIEF was a modified version of the standard procedure described in the manual from Rainin. The 30 fractions contained in the LIEF were collected simultaneously into the focusing channel. Then, using a peristaltic pump, pumped the separation fraction to the 30 tube fraction collector. A three-milliliter portion of each LIEF fraction was allocated into polypropylene micro-centrifuge tubes and could be stored at -80°C for further analysis if necessary. The concentration of protein in each fraction was determined via the Bio-Rad Bradford-based protein assay. The pH of the fractions was determined using pH apparatus (Beckman).
SDS-PAGE Separation. Yeast proteins resolved by LIEF separation into discrete pI ranges were further resolved according to their apparent molecular weight, by SDS-PAGE. Samples of LIEF fractions were suspended in an equal volume (6 µL) of sample buffer (125 mM Tris (pH 6.8) containing 1% SDS, 10% glycerol, 1% dithioerythritol (DTE), and bromophenol blue), and boiled for 15 min. They were then loaded onto 12% acrylamide gels. First, the samples underwent electrophoresis at 15 mA for 1 h, and then 20 mA until the dye front reached the opposite end of the gel. The resolved proteins were visualized by the method of modified silver staining. 44 In abbreviation, the gels were fixed 1 h in 40% ethanol containing 10% acetic acid and overnight in 5% ethanol containing 5% acetic acid then washed successively (for 20 min each) in ddH2O. The gels were stained by modified silver staining method.
Two-Dimensional Gel Electrophoresis. LIEF and the seconddimensional SDS-PAGE. 2-D gel electrophoresis was performed essentially as reported 5, [44] [45] [46] and the manufacturer's instructions. LIEF was carried out at a maximum current setting of 70 µA/strips using a commercially available, dedicated apparatus: IPGphor (Amersham Pharmacia Biotech). Samples of 30µg protein for analytical gels were applied on pH 3-10 L IPG strips in a holder at their acidic ends. Samples were diluted to 125 µL with a rehydration buffer (8 M Urea, 2% CHAPS, 15 mM DTT and 0.5% v/v pH 3-10 L IPG buffer, trace bromophenol blue) and applied to strips by the following procedure: (1) 30 V, 20°C step-n-hold, 12 h; (2) 500 V, 20°C, gradient, 30 min; (3) 1000 V, 20°C, gradient, 30 min; (4) 5000 V, 20°C, stepn-hold, 10 h. After the first dimensional LIEF, IPG gel strips were placed in an equilibration solution (6 M Urea, 2% SDS, 30% glycerol, 50 mM Tris-HCl, pH 8.8) containing 10 mg/mL DTT for 15 min with shaking at 50 rpm on an orbital shaker. The gel strips were then transferred to the equilibration solution containing 25 mg/mL IAA and shaken for a further 15 min before being placed on a 12.5% SDS-polyacrylamide gel slab. The separation was carried out at a current setting of 15 mA/ gel for the initial 1 h, and 25 mA/gel thereafter. The seconddimensional SDS-PAGE was developed until the bromophenol blue dye marker had reached the middle of the gel.
Protein Visualization and Image Analysis. Following the second-dimensional SDS-PAGE, silver staining was performed according to published methods. 44, 45 Protein patterns in the gel were recorded as digitalized images using a high-resolution scanner (GS-710 Calibrated Imaging Densitometer, Bio-Rad).
Removal of Ampholyte, Salt and Enzymatic Digestion. Protein purification was performed as described previously [47] [48] [49] [50] [51] with a few modifications. First, the sample solution was mixed with 10% TCA (trichloroacetic acid) and then incubated 2 h on ice. The supernatant was carefully removed after being centrifuged at 14 000 rpm for 40 min at 4°C. The dried pellets were dissolved in reduction buffer 21,52-54 (6 M urea, 50 mM tris, pH 8.5). The mixture was diluted with reduction buffer to a total volume of 200 µL, and then mixed with 2 µL of 1M dithiothreitol (DTT). After that, the mixture was incubated at 37°C for 2.5 h, and then alkalized with 10 µL of 100 mM IAA for 40 min in the dark, at room temperature. The protein mixtures were ultra-filtrated using a 3 K ultra filtration membrane into a 100 mM ammonium bicarbonate buffer with pH 8.5; the proteins were quantitated using the Bradford method, and 600 µg of proteins were incubated with trypsin (50:1 Promega) at 37°C overnight.
After digestion, the peptide mixtures were ultra-filtrated using a 10K ultra filtration membrane (microcon) to remove undigested proteins and trypsin. Finally, the ultrafiltrate was lyophilized.
2D-LC-MS/MS. Orthogonal 2D LC-MS/MS was performed using a ProteomeX Workstation (Thermo Finnigan, San Jose, CA). 41 The system was fitted with a strong cation exchange column (SCX, 320 µm ID × 100 mm, DEV SCX, Thermo Hypersil-Keystone) and two C18 reversed phase columns (RP, 180 µm × 100 mm, BioBasic C18, 5 µm, Thermo HypersilKeystone). The salt steps used were 0, 25, 50, 75, 100, 150, 200, 400, and 800 mM NH4Cl synchronized with nine 140 min RP gradients. RP solvents were 0.1% formic acid in either water (A) or acetonitrile (B).The setting of the LCQ Deca Xplus iontrap mass spectrometer was the same as previous.
SEQUEST Analysis. The SEQUEST algorithm was used to interpret MS/MS as previously 18, 19 described. The SEQUEST algorithm was run on each of the 9 data sets against the protein database for yeast proteins from the SWISS-PROT/TrEMBL proteome set for S. cerevisiae 10/2003 released, using the TurboSEQUEST program in the BioWorks 3.0 software suite. We used conservative criteria to determine the protein content of our. An accepted SEQUEST result had to have a ∆Cn score of at least 0.1 (regardless of charge state). Peptides identified by SEQUEST may have three different charge states (+1, +2, or +3), each of which results in a unique spectrum for the same peptide. Peptides with a +1 charge state were accepted only if they were fully tryptic and had a cross correlation (Xcorr) of at least 1.8. Peptides with a +2 charge state were accepted if they had an Xcorr g2.2. +3 peptides were accepted if they had an Xcorr g3.7. Single peptides that identified a protein alone were manually validated after meeting the above criteria.
Results and Discussion
Sample Preparation for LIEF. For the RF3, each of the liquid electrophoresis runs is capable of being loaded with at least 20 mg proteins. 30 fractions can be collected after LIEF. 30 protein fractions ranging in pH from 4.28 to 11.23 ( Figure 1) were collected. We tested several kinds of detergent for the protein extraction and LIEF, including (1) 1% ampholytes (pH 3.5-10)10% Glycerol(2) 1% ampholytes (pH 3.5-10)10% Glycerol7 M urea, 2 M thiourea, 1% NP-40, 1 Triton X-100, 1 OG, 10 mM DTT, and 1 mM PMSF(3) 1% ampholytes (pH 3.5-10)-10% Glycerol8 M urea, 1% NP-40, 1 Triton X-100, 1 OG, 10 mM DTT, and 1 mM PMSF(4) 1% ampholytes (pH 3.5-10)10% Glycerol1% OG, 8 M urea, 1% NP-40, 1 Triton X-100, 1 OG, 10 mM DTT, and 1 mM PMSF.
When buffer (1) was used in LIEF, precipitation in fractions 19 to 21 was found during focusing. As for the buffer (2), Thiourea crystals came out in acidic areas and unavoidably interfered with protein solubility and focusing. Finally, we chose OG, a strong nonionic detergent. OG can greatly increase the solubility of proteins, especially the membrane proteins for our work, thus optimizing sample separation and focusing. Using this procedure, both cytosolic and membrane proteins were available for analysis.
Validation of Protein Prefractionation after LIEF. Figure 2 displays the SDS-PAGE maps of the total lysate and the 30 fractions collected from the LIEF with equal volume loaded on the gel. The results of 1D SDS-PAGE shows that different fractions have different patterns, which indicates the distribution of proteins in different fractions, and the relative abundance of proteins of each fraction differed from the whole cell lysate. From fraction 1 to fraction 22, and fraction 24, along with the increase of the pH, high molecular weight proteins gradually decrease; consistent with the distributing of the proteins in the database. Figure 3 shows the 2DE map of total lysates, and fraction 6, 12, 20, 22, and 24. The amount of protein fractions with pH 5.0 to 6.0 is much higher than other fractions; this is validated by SDS-PAGE and the actual 2DE map ( Figure  2 and Figure 3 ). However, it was observed that high abundance proteins had diffused into several neighboring fractions. The most concerning about LIEF is that the proteins cannot isoelectrically focus as effectively as it would in a gel; due to the diffusion of proteins in the solution. Lubman.D. et al. 9 had reported that, when comparing the liquid and gel-phase images of R-enolase, it can be seen that in both cases, substantial spreading of the protein occurs over a wide pI range; this range spans from pI 6.5 to 9.5 in both the liquid and gel phase. For more acidic proteins such as actin, it appears that in the liquid phase the proteins are more scattered in the pI dimension than for the corresponding gel separated proteins 9 . It should also be noted that the pI of a given protein may vary significantly due to post-translational modifications such as phosphorylation and glycosylation.
Protein Digestion after LIEF Fractionation. The LIEF separated fractions contains 1% w/v of ampholytes, which hindered the detection of proteins and peptides in the LC-MS-based analyses 55, 56 . The function groups of carrier ampholytes may combine with the proteins and become difficult to remove. We tested many kinds of methods to remove the function groups, such as dialysis, precipitations, gel filtration, ion exchange, ultra filtration. We finally chose TCA precipitations plus ultra filtration. The TCA precipitations and ultra filtration cleanup of the LIEF fractions prior to LC-MS/MS analysis increases the capability of the analysis by eliminating the exposure of the reversed-phase column to urea and ampholytes.
Identification of Protein by 2D-LC-MS/MS. 600 µg of protein was used in each fraction to identify proteins by 2D-LC-MS/MS (data not shown).
In total, 1795 proteins were identified with this strategy; 923 (51.42%) proteins were identi- fied based on at least 2 unique peptides. In contrast, we have identified 577 proteins in the yeast total lysate without fractionation before 2D-LC-MS/MS; proteins with minimum two unique peptides reach 266, covering 46.1%. By the LIEF-2D-LC-MS/MS method, we can improve the number of identified proteins to 3.11-fold, compared to the 2D-LC-MS/MS. Moreover, the number of proteins with two unique identified peptides reached 3.45-fold over 2D-LC-MS/MS. The results indicated that the percentage of these more confident proteins was also increased.
Generally, most of the digested peptides obtained from highabundance proteins are easily diffused and detected in all salt steps in 2D-LC-MS/MS, covering up the detection of peptides from low-abundance proteins. Therefore, it is more efficient to fractionate protein mixtures before peptide separation and detection. The clustering of high-abundance proteins into several limited fractions would result in the enrichment of lowabundant proteins. We introduced the LIEF method, which clustered the most high-abundance proteins into several specified contiguous fractions while the low-abundance proteins could be concentrated in the other fractions. For example, the As a high-abundance protein, HS72_YEAST(CAI value 0.82) could be identified easily by capillary 2D-LC-ESI-MS/MS via introducing various derived peptides into the system. Although 9 SCX salt steps were used to fractionate the peptide mixtures from the total lysate of yeast, a number of peptides, even the same peptides from HS72_YEAST, were detected throughout of the 9 steps by MS. After the prefractionation of proteins from yeast, HS72_YEAST were clustered into limited fractions (e.g., fraction 25, 30, 29, 28, 27, 26, 24) . Only in fraction 25 were peptides from HS72 detected in each of the 9 salt steps; in the other tubes, those peptides were only detected in limited salt steps (e.g., fraction/step/hits: 30/4/6, 29/2/2, 28/3/35, 27/8/ 55, 26/4/35, 24/8/119). Therefore, the detection and identification of other proteins, especially low-abundant proteins, became easier. IM23_YEAST (CAI ) 0.117), a low-abundance 
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research articles protein, was identified based on one peptide (TPTDDANAAVG-GQDTTKPK) in our approach of total identification (directly using 2D-LC-MS/MS). It was observed that the peptide was detected only in one SCX step. But, after the 2D-LC-MS/MS was combined with LIEF fractionation, this peptide was identified in a greater number of fractions of LIEF (19, 25, 26, 27, 29) . Furthermore, other peptides from IM23_YEAST were also detected by MS, which improved the reliability of the identification of this protein. For example, in salt steps 3 and 4 of fraction 26, two unique peptides and five total hits of IM23_YEAST were detected (TPTDDANAAVGGQDTTKPK; LH-PLAGLDK). In step 2 of fraction 27, 1 unique peptide detected, with 5 hits. In another example, MLC1_YEAST (P53141, myosin-2 light chain, CAI ) 0.217), one peptide (AIGYNPTNQLVQ-DIINADSSLR) was detected by MS, with 2 hits during total identification. However, after LIEF pre-fractionation was coupled with 2D-LC-MS/MS identification, the peptide was detected with 58 hits, indicating a more solid identification of the peptide. In salt steps 1, 2, 3 of fraction 25, 15 peptide hits from 4 unique peptides were detected (GVEVDSNGEIDYK, AIGY-NPTNQLVQDIINADSSLR, DASSLTLDQITGLIEVNEK; DIFTLFDK). In steps 1, 2, 3, 4, 6, 7 of fraction 27 10 peptide hits were observed from 4 unique peptides (AIGYNPTNQLVQDIINADSS-LR, GVEVDSNGEIDYK, LTDAEVDELLK, DASSLTLDQITGLI-EVNEK). Many peptides were also detected in fractions 26 and 28 (YMLTGLGEK.L, YMLTGLGEKLTDAEVDELLK).
Protein Distribution in LIEF. One major concern about liquid-phase IEF is that the proteins cannot isoelectrically focus as they should; this is due to diffusion of the proteins in solution. As is seen in Figure 4 , most proteins with certain pI values were focused in the corresponding pH range of fractions and only few of them diffused into other fractions, indicating the focusing of proteins was acceptable.
To evaluate the focusing by liquid IEF, we analyzed the correlation between the theoretical pI value and the experimental pI value. The theoretical pI values of corresponding proteins were obtained according to its primary structure form the website: http://www.expasy.ch. In liquid IEF fractionation, most of the proteins were found distributed in one or more fractions rather than only in a single fraction. The identified peptides in each fraction indicate the protein abundance in this fraction. It is believed that the protein should be distributed around the theoretical pI fraction corresponding to the protein abundance. Therefore, the experimental pI was calculated taking the protein distribution in account, as the formula listed below In this formula, exppI is the experimental pI value, N is the number of peptides of each protein in every fraction from 1 to 30, i is the fraction number of LIEF, and MpI is the mensurated pI value of the corresponding fraction measured by pH apparatus. We thus calculated the experimental pI value of every protein in our data. Then, according to the distribution of peptides from certain proteins in each fraction, we obtained the correlation between the experimental and theoretical pI value. Figure 5 shows the correlation of experimental pI and theoretical pI. The coefficient of high-abundance proteins was >0.8 if the identified peptide reached about 20 hits, indicating that high-abundance proteins were focused efficiently using this method.
Protein Features Obtained by LIEF. Of the 6254 proteins in the yeast genome, 83.23% have CAI values between 0 and 0.20, which are predicted to be low-abundant ( Figure 6 ). As shown in Figure 6 , the data yields a representative sample of the yeast proteome with 1103 or 61.45% of the proteins identified having a CAI of <0.2. In contrast, we have identified 203 proteins (35.18%) with CAI < 0.2 in the yeast total lysate without fractionation before 2D-LC-MS/MS. By the LIEF-2D-LC-MS/MS combined method, we can improve the number of the low-abundance proteins to 5.43-fold, compared to only using 2D-LC-MS/MS. Because CAI is considered a predictor of protein abundance 57 , the smallest being YBA6_YEAST with a CAI of 0.058. The CAI distribution is shown in Figure 6 . The results also show the distribution of the proteins identified in this study over CAI ranges; low abundance protein could be better enriched by the method of LIEF-2D-LC-MS/MS.
Extremes of the S. cerevisiae proteome are well represented in our data. Because a peptide mixture is generated before the chromatography, the method should be independent of pI and MW of proteins 18 . Proteins with both acidic and basic pIs are observed in our data set (Figure 7 . B.). 19 proteins with pI < 4.3 were identified, along with the most acidic protein, RLA1_YEAST (P05318, pI 3.78). 71 proteins with pI > 10 were identified, as well as the most basic protein, RL18_YEAST (P07279, pI 11.70553). In addition, proteins with MW < 10 000 and >180 000 Da are represented. (1795) have MW values between 30 and 50 kDa, the percent of this MW range is 25.91%. There is no obvious bias to this kind of protein in 2DE. In addition, we can find some proteins with MW < 10 000, 23 out of 168 potential proteins with MW < 10 kDa were identified, the smallest being R29A_YEAST (P41057) with a MW of 6525.25 Da.
We used 1%OG in the lysis buffer when preparing the sample. Using this procedure, both cytosolic and membrane proteins were available for analysis. 9, 29 Therefore, other extremes of the S. cerevisiae proteome are well represented in 
research articles our data, compared to 2-DE, which cannot apply good resolution for hydrophobic proteins. More hydrophobic proteins have been found in our study in the liquid mode. Proteins with both hydrophobic and hydrophilic GRAVYs are also represented in our data set. 125 proteins with GRAVY > 0 was identified, the largest one being VATL_YEAST (P25515) with a GRAVY of 1.202 .
Although the 1795 proteins we identified do not represent a complete analysis of all the proteins present in logarithmically growing cells, our method clearly provides a large-scale and global view of the S. cerevisiae proteome. Our methodology not only gives access to low-abundance proteins, membrane proteins, proteins with MW in excess of 180 kDa, proteins with GRAVY > 0, and proteins with pIs > 10, but more importantly, it performed in an unbiased manner. Figure 9 illustrates this point by plotting the number of proteins identified in a particular class, as a percentage of the predicted proteins. The sensitivity level across the classes of proteins listed ranged from 11.7% of the predicted proteins identified with GRAVYs > 0 to 47.06% of the predicted proteins identified with MW > 180 kDa (Figure 8 ). Furthermore, we identified 121 proteins with three or more predicted transmembrane domain. The method has a slight bias against proteins with a pI < 4.3 and MW > 180 kDa, although proteins from both of theses classes were identified.
Functional Classification of the Total Proteins. A total of 1795 different proteins were identified within the yeast proteome. All identified proteins in this study were classified into several groups including signal transducers, structural molecules, transporters, enzymes, enzyme regulators, ligand bindings or carriers, unknown proteins, transcription regulators, based on their functional categories in the "SWISS-PROT and TrEMBL" protein database (Figure 9 ). Figure 9 A shows the classification of all identified proteins and Figure 9 . B shows the classification of identified proteins with CAI under 0.2. Enzyme identifications accounted for the largest percentage ( Figure 9 A. 33.1%, Figure 9 B. 31.54%). Approximately 20.77% and 24.72% of unknown or hypothetical proteins were identified in Figure 9A ,B. The percentage of signal transducers and unknown proteins in certain total proteins were increased. The results reported in this paper were from 30 fractions, collected simultaneously in one LIEF run. After combining the MS/MS data generated from all three samples, we were able to identify 1795 proteins from the S. cerevisiae proteome. A complete list of the proteins and peptides identified is available in Supporting Table 1 .
This analysis revealed that the LIEF is a preparative scale method, which can load as much as 20 mg. The proteins are separated on the basis of the pI distribution of proteins as well as charge and hydrophobicity. Our LIEF-2D-LC-MS/MS method is largely unbiased, meaning that low-abundance proteins, proteins with extreme pI and MW, and integral membrane proteins were identified.
Conclusion
LIEF-2D-LC-MS/MS has been shown to be a feasible method for the preparative separation of large numbers of proteins from yeast total lysate. The method is capable of fractionate protein according to their pI in a liquid phase, and the resulted protein fractions can be directly digested and identified by 2D-LC-MS/MS. There were 1795 unique proteins identified by 2D-LC-MS/MS, containing a number of lowabundance proteins. A main advantage of this liquid 3-D separation is that the liquid IEF is preparative scale, which can be loaded with as much as 20 mg of protein. Also, This method can be widely used on similar instrument with LIEF function and is potential to fractionate more complex proteome such as plasma with wide dynamic range.
Abbreviations: RF3, Recycling free-flow focusing; 2DE, twodimensional electrophoresis; LIEF, liquid isoelectric focusing; MCE, multi-compartment electrolyzer; MudPIT, multidimensional protein identification technology; GRAVY, Grand average of hydropathicity; TM, transmembrane domain; CAI, code adaptation index. 
